ABSTRACT: The impact of brown carbon (BrC) on climate has been widely acknowledged but remains uncertain, because either its contribution to absorption is being ignored in most climate models or the associated mixed emission sources and atmospheric lifetime are not accounted for. In this work, we propose positive matrix factorization as a framework to apportion the contributions of individual primary and secondary organic aerosol (OA) source components of BrC absorption, by combining long-term aerosol mass spectrometry (AMS) data with concurrent ultraviolet−visible (UV-vis) spectroscopy measurements. The former feature time-dependent factor contributions to OA mass, and the latter consist of wavelength-dependent absorption coefficients. Using this approach for a full-year case study, we estimate for the first time the mass absorption efficiency (MAE) of major light-absorbing watersoluble OA components in the atmosphere. We show that secondary biogenic OA contributes negligibly to absorption despite dominating the mass concentration in the summer. In contrast, primary and secondary wood burning emissions are highly absorbing up to 500 nm. The approach allowed us to constrain their MAE within a confined range consistent with previous laboratory work, which can be used in climate models to estimate the impact of BrC from these emissions on the overall absorption.
■ INTRODUCTION
The optical properties and sources of ambient particulate matter (PM) are of prime importance in the context of a changing climate. 1−3 Typically, organic aerosol (OA) contributes to 20−70% of PM, of which 40−80% is water-soluble (WSOA). 4 WSOA has recently been shown to contain lightabsorbing compounds termed brown carbon (BrC). 5−7 Current estimates suggest that flaming and smoldering combustion of biomass emits ∼6.9 Tg of primary BrC per year, 8 while the oxidation of biogenic and anthropogenic precursors contributes to more than 5.7 Tg of secondary BrC per year. 8−13 Soot (or black) carbon (BC) is a strong light absorber in both the ultraviolet (UV) and visible (vis) regions, 14 with a relatively constant wavelength dependence of absorption. 15−17 Although BC absorption is predominant in the visible region, the strongest output range of the Sun's total irradiance, 18 enhanced BrC absorption in this region has been observed 19 for OA heavily impacted by biomass burning, likely because of the presence of interacting functionalized polyaromatic moieties forming charge transfer complexes. 20 Recent research has revealed that BrC may contribute up to 15% to light absorption over the entire UV−vis spectrum 21, 22 and up to 50% at shorter wavelengths. 22−24 This fraction affects tropospheric chemistry 25 and ground-level ozone concentrations 8 and can lead to perturbation of the Earth's radiative balance. 26 However, its main sources and optical properties, e.g., wavelength-dependent mass absorption efficiency (MAE), remain poorly constrained. The bulk optical absorption properties of BrC have been characterized by UV−vis spectroscopy using liquid extracts. 27−31 This technique provides high spectral resolution 31 and wide spatial coverage, without interference from BC absorption, and allows for fast analysis of long-term absorption trends. However, current ambient studies of BrC are largely limited to correlations of the measured absorption with seasonal/diurnal patterns and specific marker species 10, 30, 32 or source apportionment model outputs. 16 While receptor models have been successfully utilized to apportion OA to specific primary emissions or formation processes, 33−39 the relationship between these OA sources and the associated OA absorptivity remains poorly defined, 40 hindering the quantification of the impact of these sources on climate.
In this letter, we introduce a novel approach to estimate component-specific BrC absorption properties for OA classes ubiquitous in the atmosphere. The approach uses a positive matrix factorization (PMF) model to combine long-term factor-specific WSOA mass concentrations obtained by offline aerosol mass spectrometry (AMS) and concurrent wavelength-dependent bulk absorption coefficients obtained by UV−vis spectroscopy. The resulting MAE spectra of major components are compared with those of reference BrC sources from controlled laboratory experiments and real-world aerosol samples. We conclude with comments about the general applicability of the introduced methodology, the aim being a deepened understanding of BrC climate effects.
■ MATERIALS AND METHODS
Aerosol Sampling and Analysis. Year-long ambient PM 10 filter sampling was performed at two sites in Switzerland with different exposure characteristics: a rural alpine valley site in Magadino and an urban background site in Zurich. In addition, filters were collected from a tunnel in Switzerland and cooking oil heating experiments were performed to approximate the absorptivity of traffic-and cooking-related primary OA, respectively (Text S1).
The BrC absorption was recorded (Text S2) using a UV−vis spectrophotometer coupled to a liquid waveguide capillary cell. 28 The measured wavelength-dependent attenuation of the liquid extracts was converted (eq S1) to the blank-subtracted absorption coefficient, b abs,λ (in Μm −1 ), 10, 30, 31 which was further used to calculate (eq S2) the bulk MAE (in m 2 g
−1
). The average absorption Ångstrom exponent (AAE) was calculated (eq S3) in the range of 300−400 nm (step, 5 nm) to characterize BrC originating from various sources. 10, 19, 28, 30, 41 AMS-based source apportionment was performed for Magadino and Zurich using filter water extracts. 38 Four primary and two secondary organic aerosol components were identified. These were hydrocarbon-like (HOA), cooking-related (COA), sulfur-containing (SCOA), and biomass burning (BBOA) and winter-oxygenated (WOOA) and summer-oxygenated (SOOA), respectively.
Determination of Component-Specific MAE. The measured absorption coefficient, b abs,i,j (i, sample date; j, wavelength, in Mm . We solve this equation using positive matrix factorization (PMF). This bilinear receptor model represents (eq 1) a matrix of time series (i time points) of measured quantities (j variables), X i,j , as a linear combination of k factor profiles, F k,j , and their time-dependent intensities, G i,k , where factors represent unique sources and/or processes.
Here, X contains 182 time points (91 per site per year) of the b abs measured in the range of 280−600 nm. This formulation assumes volume additivity for the different components. The main advantage of this model over other linear models (e.g., multilinear regression and partial least-squares analysis) is the positive constraints on the elements of WSOA concentrations and MAE values. The model includes a matrix E of model residuals corresponding to X. To solve eq 1, an error matrix, S i,j (eq S4 and Figure S1 ), is required to minimize an objective function Q through a least-squares process:
PMF is solved using the multilinear engine (ME-2) with the PSI Source Finder (SoFi) front/back end, 42, 43 which improves factor resolution by extensive exploration of the rotational ambiguity, i.e., multiple solutions (G, F pairs) having similar Q values, including directing the solution toward environmentally meaningful rotations. 44 Here, the model was set up by constraining the elements of G to the normalized WSOA 38 and their daily cumulative relative contributions (left y-axis) to the total WSOA mass (right y-axis) at both sites. These contributions are used to obtain the normalized OA factor time series (matrix G) used as model constraints ( Figure S2 ). (d) Seasonally averaged (winter, summer) bulk mass absorption efficiency (MAE λ , eq S2), where the wavelength dependence of the absorption is linked to sources by the average absorption Ångstrom exponent (AAE, eq S3). factor time series [dimensionless ( Figure S2) ] such that the obtained F would denote the yearly average absorption coefficient for each factor at various wavelengths, upon normalization by the total number of samples. Each element of G was constrained within a predetermined range representing the uncertainties obtained from ref 38 . Dividing F by the yearly WSOA concentration of the respective factors, we can obtain the MAE k,j matrix. We note that following this setting, the factor contributions to bulk BrC absorption would be independent of the absolute values of the WSOA i,k concentrations, while the MAE k,j matrix elements depend on these absolute concentrations.
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The confidence interval on the retrieved absorption spectra was assessed using a classical bootstrap approach. 36, 37, 44 This is based on the creation of replicate data sets by resampling the original data through random resampling of the rows of X. For each bootstrap run, the values of G were modified by selecting different solutions provided by Daellenbach et al. 38 In addition, the effect of blank subtraction on the b abs,i,j values was assessed by modifying the blank spectrum within its variability.
■ RESULTS AND DISCUSSION UV−Vis Absorption. Figure 1a shows the absorption coefficient at 370 nm, b abs,370 , in Magadino and Zurich over a yearly cycle. Figure 1b shows the absorption coefficients at all wavelengths, used as PMF model input (matrix X, eq 1). A seasonal trend in the absorption at both sites and all wavelengths can be clearly observed, with higher absorption in winter months, particularly in Magadino where biomass burning activity is more intense (Figure 1c, BBOA) . The wintertime b abs,370 is 5.6 ± 3.7 Mm −1 in Magadino and 2.2 ± 1.6 Mm −1 in Zurich. The absorption drops to 1.0 ± 0.7 Mm −1 at both sites during summer, when summer-oxygenated OA (SOOA) is predominant in terms of mass (Figure 1c) .
The bulk MAE 370 in Switzerland averages ∼0.9 and 0.28 m 2 g −1 during winter and summer, respectively ( Figure  1d) . A similarly high MAE 365 (1.22 ± 0.11 m 2 g −1 ) was reported in Beijing during winter, 30 where biomass and coal burning are important OA sources. Such higher MAE values indicate that stronger light-absorbing organic compounds might originate from biomass burning than from other sources, in line with previous studies. 28, 29 This statement is further supported 19 by the lower AAE values observed in winter (<4.5) versus summer (∼5.1) in the seasonally averaged absorption spectra, with an extended absorption toward visible wavelengths 24 in Magadino during winter. The higher absorption efficiency of biomass smoke is likely related to the presence of polar aromatic compounds within this source, 20, 45 potentially associated with phenolic species from lignin pyrolysis. 46 Model Setup. For the source apportionment model, we have considered only BBOA, WOOA, and SOOA, as the absorption by the other factors was estimated to be negligible (Text S3 and Figure S3 ). The three-factor solution is validated by the excellent accuracy and sufficient model precision ( Figure  S4 ). Model errors are consistent throughout the year at both sites with an average of ∼40%, of which ∼25% can be attributed to measurement errors. The remainder is most likely related to the day-to-day variability of the component-specific absorption profiles. We further demonstrate that test models considering that (1) all factors absorb equally ( Figure S5 ) or (2) only BBOA is absorptive ( Figure S6 ) cannot capture the observed absorption variability. The relative bias ( Figures S5 and S6 ) and scaled residuals ( Figure S7 ) for both test models exhibit a clear spatial and temporal pattern. Model 1 underestimates (overestimates) significantly the absorption in winter (summer), while model 2 clearly overestimates (underestimates) the absorption at high BBOA (high WOOA) concentrations.
An unconstrained model, without including AMS data, was also examined ( Figure S8 ). This model was able to separate the contribution of primary BBOA to total absorption from the sum of the secondary OOA factors, providing compelling evidence that the different aerosol components exhibit specific absorption features that allow their distinction by PMF. The model results are comparable to those presented here, when the contributions of both OOA factors to absorption are combined. This indicates that the constrained model using the mass concentration time series of the aerosol fractions obtained by AMS is capable of faithfully reproducing the variability in the absorption measurements. However, the unconstrained model could not separate the contributions of the two OOA factors, likely because of the low SOOA absorption. In addition, such a setting inherently hinders the provision of a direct link of the retrieved absorption spectra to specific sources and/or processes and renders any intended quantitative estimation of the factor-specific MAE spectra challenging. Finally, the results were heavily dependent on the pseudorandom starting point of the model (unstable output), indicating the need for using constraints.
Model Results. ). The lower BBOA AAE of 3.3 compared to the other factors reflects the significant contribution of BBOA to absorption during winter (Figure 1d ). This contribution averages 55% on an annual basis (Figure 2 , inset), with an increasing trend toward longer wavelengths (daily factor contributions to total absorption shown in Figure  S10 ). th and 90 th percentiles) using output matrix F (eq 1), along with the associated factor-specific average AAE values. The inset shows the yearly wavelength-dependent cumulative relative factor contributions to the total BrC absorption at both sites. The retrieved BBOA MAE values follow reported values (Figure 3 ) of extracted ambient samples with a strong biomass burning influence 49, 50 and from laboratory tests of open and residential combustion of various fuels. 51−54 It is noteworthy that direct coal emissions from residential heating 54 have an MAE similar to that of BBOA, implying that residential sources are likely to influence the total absorption through BrC emissions, at locations where either coal or biomass burning is important. By contrast, the MAE values determined here are lower than those of nonconventional BrC types, such as amorphous BrC spheres, 55 humic-like substances, 56 and funeral pyres. 57 While these components may be present in primary biomass smoke, they most likely coexist with weakly absorbing matter, e.g., anhydrous sugars from cellulose pyrolysis, which lowers the bulk absorption efficiency.
WOOA largely consists of highly oxidized OA from nonfossil origins, correlates with anthropogenic secondary inorganic species, and peaks during transport events from continental Europe, which suggests that this component is likely associated with the oxidation of primary aerosols or gas-phase precursors present in biomass smoke. 38, 39, 58, 59 The absorption efficiency of WOOA equals 0.81 (0.63−0.99) m 2 g −1 at 370 nm and is lower than that of primary biomass smoke, although not statistically significantly at all wavelengths. While aging of biomass smoke may produce additional absorbing matter that enhances the bulk absorption coefficient, 53 the lower MAE of aged biomass smoke compared to that of primary emissions is consistent with recent results. 49, 60 The WOOA absorption profile is remarkably similar to that of SOA from common anthropogenic precursors, 12, 13, 61 consistent with the hypothesized origin of this component. 62, 63 However, WOOA seems to be more absorbing than the chamber-generated aged BBOA, 53 indicating the influence of processes that are not yet accounted for in the latter case.
The temperature-driven nonfossil SOOA, which constitutes the most important WSOA source in the summer, is expected to largely originate from biogenic volatile organic compounds. 38, 39 The difference in the composition and origins between SOOA and WOOA is clearly reflected in their dramatically different absorption properties. The MAE of SOOA is ∼0.04 m 2 g −1 at 370 nm, 20 times lower than that of WOOA. Unlike the other two components, SOOA absorbs only in the UV range, contributing on average to 7% of the absorption below 350 nm on an annual basis (Figure 2, inset) . At longer wavelengths, the SOOA MAE values are highly uncertain (factor of >2). We note that the SOOA MAE λ is higher than that determined in chambers for SOA from O 3 -and OH-initiated oxidation of various biogenic precursors 61 (e.g., limonene and α-pinene). This points to additional unknown sources (e.g., oxidation of fossil precursors 59, 64 ) or formation mechanisms 65 (e.g., NO 3 -initiated oxidation of terpenes, intraparticle reactions, or interactions between anthropogenic and biogenic emissions) of summertime BrC.
Perspective. We provide a unique framework for the determination of key optical absorption properties of individual OA source components, by deconvolving the long-term watersoluble brown carbon absorption of real-world mixed-source samples. This novel platform may be applied to other data sets, including environments that are heavily polluted 66 or largely represented by other sources (e.g., coal combustion in China 54 ). The approach may also be suited for online data sets, acquired using aerosol mass spectrometry and various online optical measurement techniques, to provide insights into non-extractable OA fractions. 67 The model results are expected to be sensitive to the applied mass spectrometric analysis, including factor separation criteria, uncertainty estimation, type of employed mass spectrometer, and time resolution (Text S3). Such sensitivity has to be assessed in similar future studies.
The proof-of-concept application of this technique in this work provided the first estimation of the mass absorption efficiency of three major water-soluble OA sources: primary biomass smoke, aged biomass smoke, and biogenic secondary Figure  S1 ), normalized time series of the mass concentration for each selected factor ( Figure S2 ), an indication of the negligible absorption of the SCOA component ( Figure  S3 ), correlation between modeled and measured bulk absorption coefficients for the three combined ( Figure  S4 ), one combined ( Figure S5 ), and one-factor ( Figure  S6 ) test models along with the respective time series of the scaled residuals ( Figure S7 ), unconstrained test model results ( Figure S8 ), retrieved factor-specific MAE spectra ( Figure S9 ), and time series of the wavelengthdependent relative factor contributions to bulk absorption ( Figure S10 ) (PDF) 
